The sludge management of many wastewater treatment plants in Poland has not been properly solved yet. The exploiters and designers often have to cope with the dilemma of choosing the method of processing and neutralizing sewage sludge. The method discussed in the article is only one of the options that fully fits in the trends of implementing good practices in the management of sewage sludge. It is a technologically and economically effective as well as environmentally friendly process. It contributes significantly to minimizing the amount of sewage sludge and allows the production of organic fertilizer instead of waste. The work discusses the quality of sewage sludge after autothermal thermophilic stabilization (ATAD). The results of investigations pertaining to the reaction of sludge, dry mass, dry organic matter, content of biogenic substances, calcium and magnesium compounds and heavy metals were analyzed.
INTRODUCTION
The construction of new wastewater treatment plants, the modernization of existing ones, and in particular the use of highly effective methods of wastewater treatment have resulted in an increase in the amount of deposits. Depending on the sewage treatment technology in the treatment plant, pre-sludges may be formed from pre-treatment, excessive sludge from biological treatment and deposits from chemical treatment (Heidrich and Suszyński, 2010) . The resulting sludge requires disposal for legal, aesthetic and practical reasons. The economic and ecological considerations require that sludge, if possible, should be recycled back into the natural environment. This is still the cheapest method for the final disposal of sewage sludge. However, the natural use is only possible if they are stable, sanitary safe, and will not contain excessive concentrations of heavy metals.
There are many known methods for the stabilization and hygienization of sewage sludge. There are even more technologies based on them and devices/installations used to implement them. The most popular choice in Europe is the thermal processing of sewage sludge. However, under domestic/country conditions, undoubtedly the most preferred option, especially for a certain size of sewage treatment plants, is their natural use (Podedworna and .
The ideal solution may be autothermal thermophilic stabilization (ATAD). Unfortunately, this process is still not well known in Poland; it enables to obtain organic fertilizer instead of waste in sewage treatment plants.
The purpose of this article is to present the results of the analysis pertaining to the quality of municipal sewage sludge that is subjected to the ATAD process. The utilitarian purpose is to demonstrate the usefulness of the sludge under investigation for its natural use as a method of its final disposal.
The carried out review and evaluation of research results will serve to make people aware that in accordance with the sustainable development assumptions, the sewage sludge produced in these sewage treatment plants should be treated as a source of recovery for the main nutrients of plants and not as waste.
MATERIALS AND METHODS
The studies on municipal sewage sludge were conducted in 2014-2016. They concerned the sludge stabilized through the ATAD process and dehydrated. From among 11 ATAD installations working in the country, the results of tests from 7 sewage treatment plants were analyzed, as the others have already received the decision of the Minister of Agriculture and Rural Development for the introduction of organic fertilizer from the generated sludge to the market. In the case of two sewage treatment plants, the test results concern a shorter period, as the ATAD installations were implemented there in 2015.
Sewage sludge
The municipal sewage sludge processed in a two-or three-stage autothermal thermophilic stabilization plant was analyzed. The total residence time of sludge in the installation ranged from 7.3 to 9.3 days. The capacity of the installations in question varied from 16.7 m 3 /d to 70 m 3 /d. Sludge deposits or a mixture of initial and excessive sludge sediments were stabilized. The sludge was collected for analysis after dehydration.
Sampling and analyses
The sewage sludge samples for testing were collected in accordance with PN -EN ISO 5667 -13: 2011 standard. A representative sample was obtained by combining and thoroughly mixing a certain number of samples, taken at the same time from different places of the same installation, in accordance with the Regulation of the Minister of Environment of 6 February 2015 on municipal sewage sludge.
The determinations required for the annual, collective data tabulations of data for the generated municipal sewage sludge were analysed. These include: pH, content of dry mass and organic substances, total and ammonia nitrogen, total phosphorus, calcium, magnesium and heavy metals (cadmium, copper, nickel, lead, zinc, mercury and chromium). In addition, the information on the content of live parasitic eggs and Salmonella bacteria is required. All determinations were made in accordance with the reference test methods indicated in the Regulation of the Minister of Environment of 6 February 2015 on municipal sewage sludge.
RESULTS AND DISCUSSION

Hydrogen ion exponent
The pH of the ATAD treated sludge changes from slightly acidic to slightly alkaline. In the period under study and analysis, it changed from a minimum of 6.5 pH to a maximum of 8.8 pH. The most commonly observed value was pH equal to 7.9. Only 10% of the values indicated a slightly acidic pH of the sludge. The range of values in individual wastewater treatment plants, named with subsequent letters of the alphabet, is shown in Fig.1 .
Similar values of pH were observed in the previous studies, the results of which were presented by Bartkowska (2013; 2014; 2015) . The chang- Kelly (2006) and Zupančič and Ros (2008) , the absolute values of the increase in the pH of sludge caused by the ATAD process are usually 1 ÷ 2 pH units.
The content of dry mass and organic substances
The dry mass content in the stabilized sewage sludge depends to a large extent on the dewatering device used. The adopted solution of sludge management and correct operation of the devices used are of great importance. The content of dry mass of sewage sludge within the period under study ranged from 10.4% to 35.0%. Table 1 presents the numerical characteristics of the distribution of dry matter content in the analyzed sewage sludge.
The content of the organic fraction in the dry mass of sludge is determined by the effectiveness of the stabilization process. The stabilized sludge examined in the period of analyses contained from 29% to 59.4% of organic substances in the dry mass. Table 2 presents the numerical characteristics of the distribution of organic matter content in the dry mass of sewage sludge.
The process of autothermal thermophilic stabilization of sewage sludge reduces the content of readily decomposable organic substances. Many years of research conducted in the sewage treatment plants with ATAD installations confirmed that the average decrease in organic matter in the dry mass of sludge is greater than the required 38%. This observation was documented by Bartkowska (2013; 2015) .
Biogenic compounds
The term biogenic compounds should be understood as the elements and mineral salts needed for the development of plant and animal organisms. The content of nitrogen and phosphorus compounds in sludge is important. Their presence is particularly desirable in the case of natural use of sludge. In the investigated sludge the content of total and ammonium nitrogen as well as total phosphorus was analyzed. Table 3 presents the numerical characteristics pertaining to the distribution of nitrogen and phosphorus compounds in the dry mass of the sewage sludge under study.
The content of total nitrogen in the period under study was from the minimum value of 2.43% of dry mass to the maximum of 7.58% of dry mass. The ammonia nitrogen content in the total amount of nitrogen changed from 0.11 to 1.82% of dry mass. In the sewage sludge after the auto- thermal thermophilic stabilization, the total phosphorus content total ranged from 1.07 to 5.60% dry mass. Figure 2 shows the average content of total and ammonia nitrogen as well as total phosphorus in individual wastewater treatment plants. Antolin et al. (2010) studied the sewage sludge subjected to the ATAD process, in which the average total nitrogen content was 8.6% of dry mass and ammonium nitrogen 1.3% of dry mass. Other researchers indicate that the source of nitrogen compounds primarily involves decomposed organic compounds, mainly proteins to amino acids. However, significant amounts of them go to the reflux (eluate) in the process of dewatering. In addition, high temperature and elevated reaction favour the transfer of ammonia nitrogen in the form of ammonia to air (Borowski, 2000; Zupančič and Roš, 2008) .
During stabilization, due to the process of hydrolysis and mineralization of organic polymers, phosphorus, like nitrogen, but to a lesser extent, is released into the sludge liquid (Borowski, 2000). According to Antolin et al. (2010) , the content of total phosphorus in the sludge after the ATAD process in the sewage treatment plant in Tudela (Spain) amounted to an average of 3.4% of dry mass.
Calcium and magnesium
Calcium and magnesium also belong to the group of elements the presence of which in or- ganic fertilizers obtained from sewage sludge is significant. They participate in shaping the fertility of soils. Their role consists mainly in influencing the physical properties of the soil. Magnesium is also a nutrient of plants. Table 4 presents the numerical characteristics of the distribution of calcium and magnesium content in the dry mass of the sewage sludge under study.
The calcium content in the tested sludge ranged from 1.60% DM to 8.80% of dry mass. On the other hand, the magnesium content changed from the minimum value of 0.08% dry mass to the maximum value of 1.31% dry mass. The average values of calcium and magnesium content in the sewage sludge from subsequent wastewater treatment plants are shown in Figure 3 .
There is little information in the literature about the content of calcium and magnesium in the sewage sludge after autothermal thermophilic stabilization process ATAD. According to Antolin et al. (2010) , the calcium content in the sludge after the ATAD process was on the average 4.3% dry mass and magnesium 0.8% dry mass.
Heavy metals
Sewage sludge can contain various amounts of heavy metals. Their presence depends primarily on the share of industrial wastewater in the total amount of wastewater subjected to the purification process. Table 5 presents the numerical characteristics of the heavy metal content distribution in the dry mass of the investigated sewage sludge.
In each of the objective wastewater treatment plants, the content of individual heavy metal during the period under analysis remained at a similar level. There was no significant variation in the content of these heavy metals in individual Similar amounts of heavy metals in sewage sludge were obtained by Antolin et al. (2010) . The average cadmium content according to them was <3 mg/kg dry mass, copper 275 mg/kg dry mass, nickel 41 mg/kg dry mass, lead 50 mg/kg dry mass, zinc 940 mg/kg dry mass and chromium 128 mg/kg dry mass.
Microbiology and parasitology
The microscopic analysis of the sludge subjected to the autothermal thermophilic stabiliza- tion shows the presence of a fairly homogeneous microflora. However, from the point of view of the possibility of natural use of sewage sludge, the presence of pathogenic organisms is important. Testing the presence of indicator microorganisms in the sludge after the ATAD process is also a measure of the effectiveness of this process.
In the investigated period, microbiological analyses of stabilized and dehydrated sludge was performed repeatedly. These analyses did not show the presence of live parasitic eggs. Salmonella species was not isolated. The presence of specific Salmonella DNA was not found either.
Quantitative characteristics
All wastewater treatment plants in which the tests were conducted operate the ATAD installation. They are sewage treatment plants of various sizes, in which the average annual mass of sludge produced ranges from 199.9 to 1838.2 Mg. Figure 5 presents the amounts of sewage sludge produced in these municipal sewage treatment plants and these amounts were compared with the amount of natural sewage used for natural purposes in the analyzed period.
The sludge produced in objective wastewater treatment plants is used for natural purposes in 95-100%.
CONCLUSIONS
1. Municipal sewage sludge has high fertilizing and soil-forming properties (Skowron et al., 2011) . The sludge subjected to the autothermal process of thermophilic stabilization is also safe in terms of hygiene and sanitation. The presented research results, their analysis and evaluation support the natural use of sludge after ATAD. This is confirmed by the fact that three of the sewage treatment plants operating Their natural use mitigates the problem of high costs of mineral fertilization. The macro-and micro-nutrients contained in the sewage sludge are well absorbed by plants, and the full-value organic matter contained in them contributes to the improvement of the balance of humus compounds. Restoring the soil components collected in sewage sludge is appropriate not only from the economic point of view, but also necessary to maintain and restore the ecological balance. Sewage sludge can therefore be an excellent substitute for mineral fertilizers, which, in addition to being able to generate additional ecological problems, also contribute to considerable investment costs. 3. However, it should be remembered that the natural use of sewage sludge is possible if the appropriate legal requirements are met in terms of their quality, application method and the area of land on which they can be disposed of. In addition, the level of heavy metals in sludge may fluctuate. Therefore, sewage sludge should be regularly examined in terms of dynamics of changes in its chemical composition and biological parameters. These are the factors that increase the risk and limit the use of sludge in this way. 4. The experience gained so far, resulting from the 15-year period of research conducted with deposits subjected to the ATAD process and operation of the said installations, allow to state that this is a process that fully matches the trends of implementation of good practices in the sewage sludge management. It contributes significantly to minimizing the amount of sewage sludge and allows the production of organic fertilizer instead of waste. It is a technologically and economically effective as well as environmentally friendly process. The ATAD installation requires a small area, and the process is carried out in closed tanks. The use of tight reactor structures and interobject wires means that there is no threat to the groundwater and ground surface. The tanks are closed and the elimination of odours is achieved through the use of photocatalytic oxidation devices. The noise emission, in particular due to using aeration equipment, does not exceed 40-50 dB. The aesthetic look of the installation elements makes it easy to adapt them to the surrounding landscape, resulting in their complete harmony with the environment. Due to the possibility of complete insulation, the nuisance of the facilities does not cross the boundaries of the wastewater plot. The use of the described ATAD installations meets the expectations of the operators and facilitates the work, thanks to the equipment of modern and effective devices, the impact of which on the environment is only minimal.
